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Background: The differentiation of regularly spaced structures within an Address: MRC Laboratory of Molecular Biology,
Cambridge CB2 2QH, United Kingdom.epithelium is a common feature of developmental pattern formation. The regular
spacing of ommatidia in the Drosophila eye imaginal disc provides a good
*These authors contributed equally to this work.model for this phenomenon. The correct spacing of ommatidia is a central
event in establishing the precise hexagonal pattern of ommatidia in the
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each of the ommatidia that comprise the adult eye and are specified by a
bHLH transcription factor, Atonal. Received: 19 December 2000
Revised: 16 January 2001
Accepted: 26 January 2001Results: We find that the epidermal growth factor receptor (Egfr) has a
primary function in regulating R8 spacing. The receptor’s activation within
Published: 20 March 2001nascent ommatidia induces the expression of a secreted inhibitor that blocks
atonal expression, and therefore ommatidial initiation, in nearby cells. The
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identity of the secreted inhibitor remains elusive but, contrary to previous
suggestions, we show that it is not Argos. This Egfr–dependent inhibition 0960-9822/01/$ – see front matter
acts in parallel to the inhibition of atonal by the secreted protein Scabrous.
Ó 2001 Elsevier Science Ltd. All rights reserved.
The activation of the Egfr pathway is dependent on Atonal function via
the expression of Rhomboid-1. Our results also allow us to conclude that
Egfr’s role in promoting cell survival is largely independent of its role in
photoreceptor recruitment; even when cell death is blocked, most
photoreceptors fail to form.
Conclusions: Based on our data and those of others, we propose a model
for R8 spacing that comprises a self-organizing network of signaling molecules.
This model describes how successive rows of ommatidia form out of phase
with each other, leading to the hexagonal array of facets in the compound
eye.
Background determination is the expression of the proneural bHLH
Understanding the regulatory logic that allows intercellu- transcription factor, Atonal, upon which R8 specification
lar signaling to define complex patterns is one of the depends [4, 5]. Atonal is first expressed in a uniform band
prime goals of developmental biology. The Drosophila eye of cells ahead of the furrow; at the posterior edge of the
has emerged as a useful model for this question since its Atonal stripe, uniform expression breaks up into regularly
development is largely controlled by interactions between spaced clusters of cells. These proneural clusters are fur-
equipotential cells and because it has a clear and striking ther refined into groups of 2–3 cells, from which the R8
pattern; the individual facets of the compound eye, the is chosen. Ultimately, Atonal expression is restricted to
ommatidia, form a regular hexagonal array. This array is the R8 precursor cell itself [5–7]. The role of signaling
laid out in the third larval instar, when a posterior-to- through the MAP kinase (MAPK) signaling cassette in
anterior wave of development sweeps across the eye imag- the regulation of atonal expression, and thereby R8 cell
inal disc and leaves developing ommatidia in its wake. spacing, has been highlighted by the observation that the
At the front of this wave is the morphogenetic furrow, in repression of atonal expression between the proneural
which regularly spaced ommatidial founder cells, the R8 clusters is dependent MAPK activity within the clusters,
photoreceptors, are determined. Each successive row of and this, in turn, is dependent on Atonal function [8]. How
R8 founder cells is staggered with respect to its predeces- is MAPK activated by Atonal in the proneural clusters, and
sor, so that successive rows are precisely out of phase. how does the repression of Atonal between clusters fit
These two phenomena, regular R8 spacing and the stag- into an overall scheme of patterning?
gering of R8 cells in successive rows, produce the basic
hexagonal array that is seen in the adult eye (for reviews
The epidermal growth factor receptor (Egfr), which sig-on eye development see [1, 2, 3]).
nals principally through the Ras/MAPK pathway, may
regulate ommatidial spacing, although the published re-The earliest manifestation of ommatidial spacing and R8
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ports on this aspect of the receptor’s function are contra- this and other data we synthesize a model of R8 spacing.
This model comprises a self-organizing network of inter-dictory. The earliest indication that the Egfr controls om-
matidial spacing was the discovery by Baker and Rubin cellular signaling.
[9] that the rough-eye mutation Ellipse was an allele of
Resultsthe Egfr. Ellipse mutant eyes have fewer than the normal
A primary defect in R8 spacing in Egfr2 clonesnumber of ommatidia, and the earliest visible defect is
In previous work, we have shown that R8 cell spacingthe abnormally large spacing between R8 founder cells.
was disrupted in clones of cells mutant for Egfr (FigureAs Ellipse is a hypermorphic allele of the Egfr, it was
1a,c and [11]). However, we also showed that cell deathconcluded that Egfr signaling inhibits ommatidial forma-
was substantially elevated in these clones, and we weretion. This was apparently contradicted by subsequent
therefore unable to tell whether the spacing defects werework that highlighted the importance of the receptor in
a direct consequence of Egfr loss or were secondary totriggering cell determination in the eye — that is, in
cell death (they might simply reflect nonspecific defectspromoting ommatidial formation [10]. More recently, a
in a clone in which many cells are undergoing apoptosis).number of groups have resolved this paradox by showing
To examine this, we generated Egfr2 clones in a geneticthat Egfr has multiple distinct functions in eye develop-
background in which we blocked cell death in the eyement. Of relevance to the present paper is the fact that,
by expressing the baculovirus p35 gene under the controlalthough the Egfr is not required for the specification of
of the eye-specific GMR enhancer [18]. In these clones,R8 cells, Egfr2 loss-of-function clones contain abnormally
R8 cells differentiate but their spacing is still disruptedspaced R8 founder cells [11, 12]. R8 spacing is also abnor-
(i.e., in this respect they resemble Egfr2 control clones).mal when Egfr signaling is reduced by the expression
This result implies that the Egfr function in spacing isof a dominant-negative form of the receptor or by the
not secondary to cell death (Figure 1b,d). The abnormaloverexpression of the receptor’s antagonistic ligand, Argos
spacing is seen first as a failure of Atonal to become[13]. In contrast, Kumar et al. [14] reported that removing
modulated into proneural clusters in the furrow; a broadreceptor function with a temperature-sensitive allele did
not affect R8 spacing. band of fairly uniform Atonal is expressed until just poste-
rior to the furrow. This eventually resolves into isolated
Unlike the rather mixed evidence surrounding Egfr, there Atonal-expressing cells that form a disorganized array.
is clear evidence for the involvement in R8 spacing of Since atonal expression does ultimately resolve to single
two other signaling molecules, the receptor Notch and cells despite the lack of proneural clusters, we imagine
the secreted protein Scabrous. The loss of Notch causes that lateral inhibition mediated by Notch still occurs in
excess cells to become R8 photoreceptors due to the fail- the Egfr2 clones.
ure of lateral inhibition within the clusters of cells that
express atonal [15, 16]. The loss of Scabrous, a protein We confirmed that the GMRp35 transgene was blocking
cell death efficiently by staining eye imaginal discs withrelated to fibrinogen, also causes too many R8 cells to be
specified [16, 17]. In this case the primary failure is the TUNEL, which labels apoptotic nuclei. Interestingly, not
only was cell death completely blocked posterior to theloss of the proneural clusters in the furrow rather than a
failure in the later process of singling out an R8 cell from furrow, where the GMR enhancer is fully active, but it
was also strongly inhibited in the rest of the disc (Figurethose clusters.
1e,f), presumably due to the leakiness of the GMR expres-
It is clear that many important questions remain about sion construct (our unpublished data). We conclude from
the process of R8 spacing in the developing eye. One of these results that Egfr has a primary role in regulating
the main issues we address here is whether Egfr has a the spacing of R8 cells. In addition, they further confirmed
primary role in spacing R8 cells and thereby in establish- that R8 specification can occur in the absence of Egfr [11,
ing the overall pattern of the eye. Previous data from loss- 12, 14].
of-function Egfr2clones is hard to interpret on this point
as the clones showed greatly elevated levels of cell death The major difference between the p35-protected and or-
dinary Egfr2 clones is the greater number of neural (i.e.,[11]. The observed spacing defects could therefore have
been a secondary phenomenon. Other questions include, Elav-positive) cells in the former due to the cells’ pro-
longed survival. Almost all the Elav-expressing cells also“How do the different signaling pathways that have been
implicated in spacing interact with each other?” and express the R8 marker, Boss, and these results confirm
that there is no substantial recruitment of the later, non-“What is the signaling logic that establishes a regular
spacing pattern from interactions between cells?” Our R8 photoreceptors in the absence of Egfr signaling (Figure
1b). Interestingly, we do see rare cases (fewer than onelongterm interest is to understand how a receptor with
such diverse functions as the Egfr participates in pattern per clone) of Elav-positive cells that are Boss negative.
Because of their rarity, we have not pursued their identity,formation. We conclude that the Egfr has a primary func-
tion in establishing the correct spacing pattern, and from but we suspect that they are recruited by signaling through
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Figure 1 the Sevenless receptor tyrosine kinase. We have also ex-
amined Egfr2 clones in which cell death has been blocked
by the alternative strategy of removing the head involution
defective gene, essential for most apoptosis, and have ob-
tained similar results (not shown).
Egfr is responsible for all detectable MAP kinase
activation in the furrow
The Drosophila Egfr signals principally through the Ras/
MAPK signal transduction pathway [19]. Our observation
that Egfr signaling has a direct role in spacing the
proneural clusters in the eye imaginal disc is therefore
consistent with a previous report that MAPK activity
within proneural clusters is necessary for the repression
of atonal expression in cells between proneural clusters
[8]. The MAPK signal transduction pathway is activated
by a wide range of receptor tyrosine kinases, and we
wanted to test whether Egfr is responsible for the ob-
served MAPK activation in the furrow. This question was
addressed by Kumar et al. [14], who used a temperature-
sensitive allele of Egfr; they proposed that Egfr does
contribute to MAPK activation in the furrow, but that a
second, unknown receptor tyrosine kinase is also required.
We found that in clones of cells carrying an Egfr null
mutation the receptor is autonomously required for all
MAPK activation (Figure 2b); we could see no activated
MAPK in Egfr2 cells when we used an antibody that
recognizes the diphosphorylated form of the enzyme [20].
From this we conclude that the Egfr is the only RTK
that detectably activates MAPK in the morphogenetic
furrow.
Interestingly, clones lacking the Egfr ligand, Spitz, have
normal R8 cell spacing and MAPK activation (Figure 2c
and [21]). This finding suggests that another ligand for
the receptor may be responsible for this function. A single
novel Spitz-like ligand has recently been discovered in
the completed Drosophila genome sequence (FlyBase ID
FBgn0036744), and we speculate that this could provide
the missing function in R8 cell spacing. We have hypothe-
Abnormal R8 spacing in Egfr2 clones with and without protection from
apoptosis. (a–d) Egfr2 clones in third-instar eye imaginal discs. (a)
clone, Atonal-expressing cells are present but fail to go through theand (c) are in a wild-type background; in (b) and (d) cell death is
normal progression (compare these cells with green-labeled wild-suppressed by the coexpression of GMRp35. Clones are negatively
type tissue adjacent to the clone, and see the text for a description).labeled against b-galactosidase activity, stained in green (i.e., the
(d) The coexpression of GMRp35 to protect against cell death does notabsence of green indicates Egfr2 clones). The position of the
rescue the disruption of Atonal expression. In particular, a broad andmorphogenetic furrow in each image is labeled “mf”; in these and all
unmodulated band of cells retains high levels of Atonal expressionsubsequent figures, anterior is to the left. (a,b) R8 cells differentiate
until just posterior to the furrow, where abnormally spaced, isolatedwithin Egfr2 clones. Discs were stained with anti-Elav (red), which
cells are seen. (e,f) GMRp35 effectively blocks apoptosis, as detectedlabeled all neural cells, and with the R8-specific marker anti-Boss
by TUNEL staining (red). (e) Scattered apoptotic nuclei are seen(blue). (a) As previously reported, some R8 cells develop in Egfr2
throughout the eye-antennal imaginal disc, with large numbers inclones. (b) When clones are protected from apoptosis by expressing
Egfr2 clones. (f) Discs carrying GMRp35 have much lower amountsGMRp35, R8 cells form in the Egfr2 clones, and they survive to the
of cell death, both behind the furrow, where the GMR enhancer isposterior part of the clone. Importantly, these cells do not form in
expressed at high levels, and also throughout the disc, presumablya regular array, and this finding implies that lack of Egfr causes aberrant
due to basal p35 expression (see text). Note especially that cellspacing of the R8 cells. Boss is localized at the apical membranes of
death within Egfr2 clones is almost completely suppressed (e.g.,cells, whereas Elav is a nuclear protein, so the colocalization of the
arrowhead).two markers is not precise. (c,d) The regular pattern of Atonal
expression (red) is disrupted in Egfr2 clones. (c) Within an Egfr2 control
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Figure 2
All detectable MAP kinase (MAPK) activation
in the morphogenetic furrow is Egfr-
dependent. (a) Active (diphosphorylated)
MAPK (red) is detected in a regular array in
the morphogenetic furrow (mf); these
correspond to the proneural clusters. (b) In
Egfr2 clones (marked by the absence of
b-galactosidase, stained in green. Note that
[a] and [c] show nuclear b-galactosidase
markers, while [b] is cytoplasmic), there is a
complete absence of MAPK activation. Note
that when the clone border runs through a
cluster (arrowhead), the MAPK activation is
strictly cell autonomous; no Egfr2 cell has
detectable activated MAPK. (c) In contrast,
clones mutant for the Egfr ligand spitz (again
marked by the absence of green), show no
loss of MAPK activation. Therefore, the
activation of MAPK in the furrow depends
on Egfr but not on Spitz.
sized a similar requirement for this ligand in the survival and the detector for rhomboid-1 expression are the lacZ
gene, both are labeled in the same color. However, thefunction of Egfr in the eye [22]. Testing this prediction
awaits the identification of loss-of-function mutations in b-galactosidase that marks the clone is cytoplasmic,
whereas the one that indicates rhomboid-1 expression isthe spitz-2 gene.
confined to the nucleus. In this way we can distinguish
the rhomboid-1–expressing cells from the Egfr-positiveAtonal activates rhomboid-1 expression in the eye
The results described above imply that Egfr has a primary cells; this is particularly obvious in transverse optical sec-
tions of the eye disc (Figure 4b). We find that Egfr2 cellsfunction in ommatidial spacing and suggest that it is the
only RTK that activates MAPK in the proneural clusters. can initiate rhomboid-1 expression, and we conclude that
the initiation of rhomboid-1 expression in the furrow doesSince it has been shown that the transcription factor
Atonal is also required for this MAPK activation [8], we not require Egfr activity.
investigated how Atonal and Egfr activation are related.
One possibility is that Atonal directly activates the expres- Egfr signaling and Scabrous inhibit proneural cluster
formation by parallel pathwayssion of rhomboid-1, a principal activator of Egfr signaling,
The results described so far indicate that within proneuralas it does in the embryonic chordotonal organs [23]. We
clusters, Atonal activates the expression of rhomboid-1,have therefore investigated whether ectopic Atonal can
which in turn leads to the activation of the Egfr/Ras/activate rhomboid-1 expression. In wild-type cells, rhom-
MAPK pathway. Chen and Chien [8] have shown thatboid-1-lacZ is expressed only in photoreceptors R8, R2
this MAPK activity in proneural cells leads to a nonautono-and R5 [24]. We expressed UAS-atonal under the control
mous inhibition of atonal expression in the cells betweenof sevenless-Gal4, which is expressed in all ommatidial cells
proneural clusters. Scabrous is a secreted protein, ex-except R8, R2 and R5. When atonal is thus misexpressed,
pressed within clusters, that is also required for the inhibi-we find that rhomboid-1 expression (as detected by rhom-
tion of atonal expression between clusters [16, 17]. A possi-boid-1-lacZ) is activated in ectopic photoreceptor cells
ble prediction of our model is that scabrous expression in(Figure 3). Thus, consistent with the model in which the
proneural cluster cells would be activated by Egfr/Ras/activation of MAPK via Atonal depends on the activation
MAPK signaling — in other words, that Scabrous is theof rhomboid-1 expression, atonal expression can induce
inhibitory signal secreted by cluster cells in response torhomboid-1 expression, which in turn activates Egfr.
Egfr signaling. To test this, we analyzed Scabrous expres-
sion in Egfr2 clones by using a monoclonal antibodyrhomboid-1 expression does not require Egfr signaling
against the Scabrous protein [16]. We observed normalIn some tissues, the expression of the Egfr activator,
levels of Scabrous in Egfr2 clones, and this finding impliesRhomboid-1, is dependent on Egfr signaling itself. This
that Scabrous expression is not dependent on the Egfrdependency thereby constitutes a positive-feedback loop
pathway (Figure 5a). The pattern of Scabrous expression[25, 26]. If this were the case in the furrow, the Atonal-
was nevertheless altered, which reflects the abnormaltriggered expression of rhomboid-1 could not initiate Egfr
spacing of cells in the furrow in Egfr2 clones.signaling (as it would itself depend on prior signaling).
We therefore looked at the expression of rhomboid-1-lacZ
in Egfr2 clones (Figure 4). Since both the clone marker This result suggests that the inhibitory factor regulated by
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Figure 3 Figure 4
rhomboid-1 expression does not require Egfr signaling. (a) An Egfr2
clone negatively stained with a cytoplasmic b-galactosidase marker.
This disc also expresses a nuclear b-galactosidase enhancer trap in
the rhomboid-1 gene [24], which is seen as more strongly staining
nuclei in characteristic triplets of cells (R8, R2, and R5) in the wild-
Ectopic Atonal triggers ectopic rhomboid-1 expression. (a) The type tissue (e.g., arrowhead). The position of the morphogenetic furrow
rhomboid-1-lacZ enhancer trap X81 is expressed in three-cell is labeled “mf.” Indicating that the initiation of rhomboid-1 expression
clusters in each ommatidium (R8, R2, and R5; see arrowhead) [24]. can occur in the absence of Egfr signaling, stained nuclei are present
(b) These clusters (in red) do not overlap with the expression of within the Egfr2 tissue. (b) An optical cross-section through the disc
UAS-GFP (in green) expressed under the control of sevenlessGal4 was recorded on the confocal microscope. Apical is up and basal
(which in these panels is seen predominantly in R3 and R4). (c) is down (i.e., we are looking through the thickness of the epithelium);
The ectopic expression of UAS-atonal under the control of the white rectangle in (a) shows the position of the cross-section. The
sevenlessGal4 causes many ectopic cells to express rhomboid-1- stained nuclei in the Egfr2 clone are easily visible in this cross section
lacZ (albeit at variable levels); there are now rhomboid-1–expressing (e.g., arrowhead).
cells between the three cell clusters. (d) The overlap between the
Atonal and GFP-expressing cells (in green) and the rhomboid-1-
lacZ–expressing cells (in red) shows that the ectopic Atonal can
activate rhomboid-1 expression autonomously (the overlap is seen as
When we stained the cells with anti-Boss to label the R8yellow). Note that the variable levels of rhomboid-1 expression makes
the overlap hard to see in many cases; arrowheads indicate two clear cells, this was particularly clear within the morphogenetic
examples. furrow; in Egfr2 clones the spacing was irregular, but the
overall number or R8s was not substantially increased
over that of the wild type, while in Egfr2 sca2 double-
mutant clones, more R8s formed in the furrow and typi-Egfr signaling works in parallel to Scabrous in repressing
cally produced a very closely spaced row of cells that wasatonal between proneural clusters. A consequent predic-
not seen in the single-mutant clones. This additive effecttion is that when both Scabrous and Egfr signaling are
of removing Egfr and Scabrous supports the notion thatremoved, the spacing defects in the furrow should be
they mediate two parallel pathways and each contributeworse than those caused by either mutation alone. Con-
to the inhibition of atonal expression between proneuralversely, if the Egfr-dependent inhibition was mediated
clusters.by Scabrous, the double mutants should have the same
phenotype as the single mutants. Complete loss of Scab-
Argos is not the Egfr-dependent inhibitorrous alone causes a relatively mild defect in spacing [17].
It has been proposed that the secreted Egfr antagonist,We analyzed clones doubly mutant for Egfr and scabrous
Argos, could be the inhibitor of R8 determination betweenand found them to have reproducibly more severe spacing
defects than did Egfr mutant clones alone (Figure 5b–e). preclusters [13]. We directly tested this suggestion in argos
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Figure 5
Scabrous inhibits atonal expression by
a parallel pathway to that of the Egfr.
(a) An Egfr2 clone is negatively stained for
b-galactosidase activity in green and stained
in red with an antibody against Scabrous; “mf”
marks the morphogenetic furrow. Egfr2 cells
express Scabrous. (b) Staining Egfr2 clones
with anti-Boss (red) shows differentiating R8
cells. Although the R8 spacing within the clone
is irregular, R8s usually form several cells
away from their neighbors. (c) Higher-
magnification view of another Egfr2 clone
stained with anti-Boss. We consistently
observe that the Boss staining of Egfr2 R8
cells is more dispersed than that of wild-type
cells (compare this cell with R8s in the
adjacent wild-type tissue (marked with green);
apparently, Egfr2 R8s are less apically
constricted than are wild-type cells (see also
[e]). (d) scabrous2 Egfr2 double-mutant
clone stained with anti-Boss (red). Note that
along the morphogenetic furrow, R8s form
much closer to their neighbors than they do
in Egfr2 single-mutant clones. (e) Higher-
magnification view of another scabrous2 Egfr2
clone stained with anti-Boss. (f) argos loss-
of-function clone stained with anti-Atonal (red);
ommatidial spacing is not affected by the
loss of Argos, even in very large clones.
loss-of-function clones. The arrangement and spacing of Egfr/MAPK signaling then causes the production of a
the developing ommatidia was completely normal, even diffusible inhibitor of atonal expression. This in turn leads
in very large clones induced in a minute background (Fig- to the inhibition of atonal expression between proneural
ure 5f; some examples cover more than half of the eye clusters. Although the Egfr2 phenotype resembles the
disc). This result implies that Argos cannot be signifi- loss-of-Scabrous phenotype and both depend on Atonal
cantly involved in regulating ommatidial spacing. Consis- within the proneural cluster, we have shown that they
tent with this result, it has previously been shown that operate through parallel pathways to inhibit atonal.
whole eyes mutant for eye-specific argos alleles do not
have substantially disrupted precluster spacing [27, 28].
A proposed self-organizing system for R8 spacing
We can now propose a fairly simple model for how R8Discussion
spacing is controlled (Figure 6); this model synthesizesWe have previously observed that there are R8 cell spac-
the work of several groups, including our own. A keying defects in Egfr2 clones, but we were unable to tell
feature that we would like to emphasize is that it is a self-whether this was secondary to the large amount of cell
organizing system; once atonal expression is initiated atdeath that occurs in these clones [11]. We have now ad-
the posterior of the disc [29], the pattern spreads acrossdressed this issue; Egfr2 clones in the presence or absence
the whole retinal primordium without further input fromof the cell death–protecting protein p35 show similar de-
signals other than those generated by the spacing mecha-fects in R8 spacing. Within Egfr2 tissue, isolated R8 pre-
nism itself. The first stage of ommatidial determinationcursor cells are specified, but they do not form the overall
is the activation of a broad, uniform band of atonal expres-regular pattern seen in wild-type tissue. The initial estab-
sion anterior to the morphogenetic furrow [4, 5]. This islishment of proneural clusters within the Atonal-express-
initiated at least in part by the secreted protein Hedgehog,ing cells does not occur. We therefore conclude that the
which emanates from more posterior, already differentiat-Egfr does indeed regulate the initial uniformity-breaking
ing ommatidia [29–32]. In our model, this band of Atonalstep that occurs in the morphogenetic furrow and eventu-
expression becomes modulated by the combined actionally leads to the regular hexagonal array of ommatidia in
of two diffusible inhibitors, Scabrous and an unidentifiedthe adult eye. We have also outlined the genetic pathway
inhibitory factor dependent on Egfr-induced signalingin which the receptor acts; Atonal activates the expression
through the MAPK pathway (this work and [16, 17]), bothof rhomboid-1, which in turn activates Egfr/MAPK signal-
ing, possibly via the newly identified Spitz-2 ligand. The of which are dependent on Atonal.
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Figure 6 only the cells farthest from clusters in the previous row
retain atonal expression. This produces the characteristic
staggered arrangement of R8s in successive rows. There-
fore, the central patterning event in establishing the over-
all arrangement of the ommatidia is the transformation of
uniform Atonal expression into modulated expression, as
controlled by a combination of Scabrous and the Egfr-
dependent inhibitory signal.
Once Atonal expression is initially modulated by these
inhibitory factors, well-defined proneural clusters are
formed by a combination of the same inhibitory signals
and the autoregulatory positive feedback loop that main-
tains and increases atonal expression within the clusters
[33]. It is this autoregulation that we suggest makes the
proneural cluster cells refractory to the inhibitory signals
they themselves are producing.
We do not have an obvious candidate for either the Egfr-
dependent inhibitory factor or for the signaling pathway
it uses. We can infer, however, that it triggers the expres-
sion of the homeodomain protein Rough, as Rough ex-
pression is lost in Egfr2 clones [11]. Rough is a transcrip-
tion factor that represses atonal expression and that is
normally expressed in a complementary pattern to Atonal
within the furrow [6]. Rough expression is not affected
by the loss of Scabrous (our unpublished data), which is(a) A model for the regulation of ommatidial spacing. See the text for
a full description and evidence. The morphogenetic furrow is shown consistent with the idea that the Rough-mediated inhibi-
in gray, and only the relevant cells are shown; in reality, these cells tion of atonal expression is instead controlled by the Egfr-
are part of a continuous epithelium. Differentiating ommatidia, shown in dependent inhibitory factor. We originally suspected thatblue, secrete Hedgehog, which diffuses to the anterior and activates
Scabrous, which regulates Notch signaling [34], could bethe expression of Atonal (green) in a broad stripe of cells. This
becomes modulated first into an undulating pattern and later into the inhibitory factor. As described above, coupled with
discrete proneural clusters by the action of two diffusible inhibitors the phenotype of scabrous mutants alone, our results on
(red bars) emanating from the proneural clusters posterior to the broad Scabrous expression and the scabrous, Egfr double muta-stripe of Atonal. These inhibitors are Scabrous and an unknown factor
tions [16,17] imply that this is not the case. We neverthe-whose expression is dependent on Egfr signaling. This mechanism
ensures that each new row of proneural clusters forms at the farthest less have not ruled out the possibility that Notch activity
point from the preceding row and produces the staggered pattern of has a role in regulating precluster spacing; it is clearly
ommatidia that gives rise to the hexagonal pattern in the adult eye.
involved in the later process of lateral inhibition that in-Once the proneural clusters are formed, the initiation of Atonal
hibits atonal expression in all but one of the proneuralautoregulation is proposed to make them resistant to the inhibitory
signals. Finally, single Atonal-expressing cells are selected by Notch- clusters [7, 35], so its function in nonautonomous atonal
and Delta-mediated lateral inhibition. (b) The genetic pathway inhibition is well established. Despite this possibility, cur-
responsible for atonal inhibition. Dotted lines represent cell borders.
rent evidence does not provide a convincing link betweenSun et al. [33] have demonstrated that atonal transcription is
the Egfr-dependent inhibition and the Notch pathway.controlled by distinct 59 and 39 enhancers. The 59 enhancer is
autoregulatory and controls the expression of atonal from the
proneural-cluster stage onward; the 39 enhancer is not autoregulatory An alternative Egfr-centered model of R8 spacing has
and drives the earliest stage of expression. We therefore imagine
been proposed by Spencer et al. [13]. In this model, Argosthat Scabrous and the unknown Egfr-dependent inhibitory factor (IF)
act to inhibit the 39 enhancer, but not the 59 one. would be the Egfr-dependent diffusible molecule that
prevents atonal expression and R8 specification between
the proneural clusters. However, the work of a number
of groups has shown that R8 specification (as opposed to
atonal expression is upregulated by an autoregulatory loop spacing) occurs normally in the absence of Egfr [11, 12,
just as the proneural clusters become apparent [33]. It is 14]; an Egfr inhibitor such as Argos therefore would not
at this point that we propose that Scabrous and the Egfr- be expected to prevent R8 determination. This is con-
dependent inhibitory factor act. They diffuse toward the firmed by our results demonstrating that argos null mutant
anterior and inhibit atonal expression in those cells closest clones have normal ommatidial spacing, even when they
are very large, as well as by earlier data showing that eyesto the inhibitory source (Figure 6). By this mechanism,
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from viable, eye-specific argos mutants (i.e., in which the of signaling molecules is that the signals themselves do
not specify the outcome of signaling. Instead, the fate ofwhole eye is mutant for argos) have reasonably normal
a cell is largely determined by the “state” of the cell thatommatidial spacing [27, 28]. Another model attributes the
receives the signal, which can broadly be translated intocrucial uniformity-breaking step to the secreted protein
the complement of transcription factors that a cell is ex-Hedgehog, which can inhibit atonal expression at high
pressing [3, 39].levels while activating it at lower levels [32]. This view
is conceptually distinct from ours since the source of the
diffusible inhibitor (Hedgehog) is not the proneural clus- There are aspects of this concept, however, that remain
ters but the differentiating ommatidia, much farther pos- unclear. For example, it has previously been shown that
terior. According to this model, rough expression would constitutively active Egfr is sufficient to trigger the differ-
be activated by inhibitory levels of Hedgehog. It is worth entiation of photoreceptors anterior to the morphogenetic
noting that this view of ommatidial spacing is not mutually furrow, even in the absence of Atonal [11]. We therefore
inconsistent with ours; several different pathways may don’t understand why Egfr signaling in the proneural
contribute to the patterning of the ommatidial array. clusters leads to the production of a diffusible inhibitor
of atonal expression rather than photoreceptor determina-
Control of rhomboid-1 expression tion. A possible explanation is that cells cannot become
It has recently been shown that Atonal influences the specified as photoreceptors by Egfr signaling while they
final differentiation of an R8 cell as well as its earlier are expressing Atonal. Alternative explanations include
selection [36]. Reducing the amount of Atonal in already different effects caused by different Egfr ligands or by
selected R8 cells leads to the reduced recruitment of different levels of MAPK activation. More generally, a
subsequent ommatidial photoreceptors; conversely, over- major goal will now be to understand how the successive
expression of Atonal in R8 leads to excess recruitment. Egfr signaling events in the eye fit together; for example,
This result fits well with our proposed model and the how are the transitions from furrow initiation to proneural
observation that Atonal can activate the expression of cluster spacing to cell recruitment controlled? In the Dro-
Rhomboid-1 in R8 cells. During the recruitment phase sophila oocyte, integrated regulation of multiple Egfr sig-
of ommatidial development (which occurs posterior to the naling events is a key aspect of developmental progression
furrow after R8s are selected), Egfr signaling is required and coordinated patterning [26], and we suspect that such
for triggering the determination of the non-R8 photore- linking of successive signaling events may be a general
feature of complex developmental systems.ceptors [3, 10]. This signaling is initiated by Rhomboid-1
and Rhomboid-3, which together allow the release of
Spitz, the Egfr-activating ligand [21, 22, 37, 38]. A simple Materials and methods
explanation for the results of Jarman and White is that the Generation of mitotic clones
Mitotic clones were generated by Flp-mediated mitotic recombinationlevel of Atonal in R8 influences the level of Rhomboid-1
[40]. In all cases, recombination was induced in second-instar larvae bywhich, in turn, controls photoreceptor recruitment.
a 1.5 hr heat shock at 378C. Mutant clones were marked by the absence
of b-galactosidase staining, for which y w hsp70-flp;FRT42D arm-lacZ
Rhomboid-1 is expressed not only in the R8 cell but also M(2)53/Cyo stock was used [11]. These flies were crossed to: y w
hsp70-flp;FRT42D Egfr1K35 /Cyo (Figures 1a,c,e, 2, and 5a), y w hsp70-in the next two photoreceptors to be recruited, R2 and
flp;FRT42D Egfr1K35 /Cyo;GMR-p35/TM6 (Figures 1b,d,f), FRT42D sca1R5 [24]. The control of this expression can now be fully
Egfr1K35 (Figure 5d,e) and y w hsp70-flp;FRT42D Egfr1K35 /1;P[w1 X81]/1explained. The evidence in this paper suggests that in (Figure 4). Clones mutant for an argos null allele were generated with
R8, rhomboid-1 is regulated by Atonal. In R2 and R5, the chromosomes y w hsp70-flp;M(3)i55 pUB-GFP FRT80B/TM6B [22,
41] and y w hsp70-flp;argoslD7 FRT80B/TM6C.but not in R8, rhomboid-1 expression has previously been
shown to be under the control of Rough [24] (which has
Drosophila stocksa later role in photoreceptor specification as well as the
Unless otherwise described, all stocks are described in FlyBase (http://function in spacing described here).
fly.ebi.ac.uk:7081/). P[w1 X81] is an enhancer trap insertion in the rhom-
boid-1 locus [24]. GMRp35 is described in Hay et al. [18], and UAS-
Perspectives atonal is described in White and Jarman [36].
Our results emphasize the extraordinary diversity of func-
tions that many proteins have in eye development. We Immunohistochemistry
Eye imaginal discs from third-instar larvae were stained as describedand others have discovered at least five distinct roles for
[42]. The following antibodies were used: rabbit and mouse anti–Egfr [11, 12, 14]; Atonal is used first for specifying R8
b-galactosidase (Cappel); rabbit anti-Atonal (1:1000) [43]; mouse anti-
cells and later for regulating their differentiation [4, 36]; Boss (1:100) [44]; mouse and rat anti-Elav (used at 1:50 and 1:100
Rough is an inhibitor of atonal in the furrow but in a later respectively; [45]); and mouse anti-Scabrous [35]. Anti-Elav and anti-
Scabrous were obtained from the Developmental Studies Hybridomaincarnation activates Rhomboid-1 expression in R2 and
Bank at the University of Iowa. Secondary antibodies were conjugatedR5 and thereby triggers photoreceptor recruitment [6, 24];
with Alexa 488 and 594 (Molecular Probes) and Cy5 (Jackson Immuno-
Notch, too, has many functions, not all of which are fully Research) and were used at dilutions of 1:200. TUNEL staining was
performed as described in Dominguez et al. [11].understood [15, 16]. One implication of the repeated use
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